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Introduction {#sec001}
============

Extrathymic CD4^+^CD8α^+^ double-positive (dp) T cells are a mature T cell subpopulation distinct from conventional CD4^+^ single-positive (sp) T helper and CD8α^+^ sp cytotoxic T cells known to occur in different species, e.g. swine, humans, monkeys, mice, rats, and chicken \[[@pone.0213597.ref001]--[@pone.0213597.ref009]\]. Canine CD4^+^CD8α^+^ dp T cells within peripheral blood mononuclear cells (PBMC) were first described around ten years ago \[[@pone.0213597.ref010]--[@pone.0213597.ref013]\]. To date, our group was able to characterize this unconventional T cell subpopulation in peripheral blood as mature T cell receptor (TCR) αβ^+^CD1a^-^ effector memory T cells \[[@pone.0213597.ref014],[@pone.0213597.ref015]\]. CD4^+^CD8α^+^ dp T cells can develop from both, CD4^+^ sp as well as from CD8α^+^ sp T cells upon *in vitro* stimulation, but CD4^+^ sp T cells are the more potent progenitors \[[@pone.0213597.ref016]\]. Furthermore, canine CD4^+^CD8α^+^ dp T cells of the peripheral blood can be divided into three different subsets, i.e. CD4^dim^CD8α^bright^, CD4^bright^CD8α^bright^, and CD4^bright^CD8α^dim^, which differ in phenotype and functional features. The CD4^dim^CD8α^bright^ subset expresses the CD8αβ heterodimer, whereas most cells of the other two subsets express the unconventional CD8αα homodimer \[[@pone.0213597.ref014],[@pone.0213597.ref015]\]. In contrast to CD8αβ, CD8αα does not work as a TCR co-receptor, but was shown to negatively regulate the activation of T cells \[[@pone.0213597.ref017]\].

Another unique feature of the total CD4^+^CD8α^+^ dp T cell subpopulation of PBMC is their significantly higher expression level of CD25 and of MHC-II in comparison to their CD4^+^ and CD8α^+^ sp counterparts, suggesting a high level of activation and an important immunological potential \[[@pone.0213597.ref015]\]. In fact, human CD4^+^CD8α^+^ dp T cells are associated with autoimmune diseases \[[@pone.0213597.ref018]\], infections, e.g. human immunodeficiency virus (HIV) infections \[[@pone.0213597.ref019]\], inflammatory bowel disease \[[@pone.0213597.ref020]\], atopic dermatitis \[[@pone.0213597.ref021]\], and breast cancer \[[@pone.0213597.ref022]\]. The latter are also common diseases of dogs, making the dog an interesting animal model for common human health disorders. Very recently, increased frequencies of CD4^+^CD8α^+^ dp T cells could be found in blood and spleen of dogs infected with *Ehrlichia chaffeensis* \[[@pone.0213597.ref023]\]. Additionally, CD4^+^CD8α^+^ dp T cells were reported to increase in the context of canine leishmaniasis \[[@pone.0213597.ref024]\], pointing to an important role during canine immune responses.

However, still the developmental origin and the function of canine CD4^+^CD8α^+^ dp T cells *in vivo* have not yet been clarified. For this purpose, reliable reference data in a homogeneous group of healthy animals including a comprehensive phenotypical and functional characterization not only from blood, but also from different lymphatic and non-lymphatic organs are required. Our group had the unique opportunity to study CD4^+^CD8α^+^ dp T cells of tracheobronchial (tLN) and mesenteric (mLN) lymph nodes, spleen, Peyer's patches (PP), lung, and of small intestinal intraepithelial lymphocytes (IEL) from a standardized cohort of healthy Beagle dogs. As control, thymocytes of the same dogs were analyzed. The presented data allow a deeper insight into the characteristics of canine CD4^+^CD8α^+^ dp T cells of secondary lymphatic and mucosal organs. Besides, the data will provide the basis for further functional analyses to elucidate the *in vivo* role of CD4^+^CD8α^+^ dp T cells in dogs.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

Tissue samples were taken from healthy experimental Beagle dogs (Marshall Bioresources, North Rose, NY, USA, 12 dogs in total, six female, six male, age: 10--15 months) euthanized as control group of an animal experiment for preclinical drug development unrelated to our studies (approval number V54-19c 20/15-DA4/Anz.1004). All efforts were made to minimize suffering of the dogs. The physical health of all animals was confirmed by necropsy and histopathological examination. Directly after euthanasia, the dogs were fully bled and full thickness sections from duodenum and jejunum, mesenteric (mLN) and tracheobronchial (tLN) lymph nodes, lung, spleen, and thymus were collected for further processing (n = 10 for mLN, Peyer's patches, lung, spleen, and thymus, n = 9 for tLN, n = 6 for intraepithelial lymphocytes of the small intestine).

Generation of single cell suspensions of spleen, thymus and lymph nodes {#sec004}
-----------------------------------------------------------------------

1 x 1 x 0.5 cm^3^ pieces of spleen, thymic tissue, mLN, and tLN (size variable) were minced, passed through a 100 μm nylon cell strainer (BD Biosciences, Heidelberg, Germany) and resuspended in phosphate buffered saline (PBS). The cell suspensions were centrifuged at 500 x g for 10 min at 4°C. The splenic cells were treated with erythrocyte lysis buffer (150 mM NH~4~Cl, 8 mM KHCO~3~, 2 mM EDTA; pH 7) for 5 min at room temperature (RT) and the lysis reaction was stopped with PBS containing 3% fetal bovine serum (FBS, Thermo Fisher Scientific, Carlsbad, USA). Again, the splenic cell suspension was centrifuged at 500 x g for 10 min at 4°C and resuspended in PBS. The cell numbers were determined with a microscope using a hemocytometer (Laboroptik, Lancing, UK) and trypan blue (Sigma-Aldrich, Taufkirchen, Germany).

Isolation of lung leukocytes {#sec005}
----------------------------

Tissue pieces of lung (3 x 3 x 0.5 cm^3^) were minced and digested for 30 min at 37°C in RPMI1640 medium (Biochrom, Berlin, Germany) supplemented with DNase I (111 U/ml; Sigma-Aldrich, Taufkirchen, Germany), Collagenase D (0.7 mg/ml; Roche Diagnostics Deutschland GmbH, Mannheim, Germany), and 1 mM sodium pyruvate (AppliChem, Darmstadt, Germany) with slow agitation. Single cell suspensions were obtained by passaging digested lung tissue through 100 μm cell strainers (BD Biosciences, Heidelberg, Germany). Subsequently, erythrocytes were lysed as described above. For enrichment of leukocytes, the cells were resuspended in 70% Percoll (GE Healthcare, Uppsala, Sweden) diluted in RPMI1640 medium and layered under 30% Percoll. Following density gradient centrifugation (400 x g, 20 min, RT), leukocytes were recovered from the interphase, resuspended in IMDM medium (PAN-Biotech, Aidenbach, Germany) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin (both purchased from PAA Laboratories), and 10% FBS (Thermo Fisher Scientific, Carlsbad, USA). The cell number was determined as described above.

Isolation of lymphocytes from Peyer's patches and from the small intestinal epithelium {#sec006}
--------------------------------------------------------------------------------------

A protocol to isolate lymphocytes from Peyer's patches (PP) was adapted from a method described for pigs by Solano-Aguilar *et al*. \[[@pone.0213597.ref025]\]. Briefly, PP were collected from the duodenum and jejunum and immediately washed in ice-cold washing buffer consisting of Hank's Balanced Salt Solution (HBSS) without Ca^2+^ and Mg^2+^ (PAN-Biotech, Aidenbach, Germany), 10 mM HEPES (Carl Roth, Karlsruhe, Germany) and 2% FBS (Thermo Fisher Scientific, Carlsbad, USA). After that, the intestinal epithelium was removed by incubating the pieces 3 x 30 min in washing buffer containing 2 mM 1,4-Dithioerythritol (DTE, Sigma-Aldrich, Taufkirchen, Germany), and 0.5 mM EDTA (Carl Roth, Karlsruhe, Germany) at 37°C under continuous stirring. The supernatant was discarded, whereas the tissue was minced with scalpels, dissociated by the gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany), and passaged through a 100 μm cell strainer (BD Biosciences, Heidelberg, Germany). Lymphocytes were separated from enterocytes by 40%/70% Percoll density gradient centrifugation (900 x g, 20 min, RT), harvested at the interphase, and washed in RPMI1640 medium (Biochrom, Berlin, Germany) containing 5% FBS and 50 μg/ml Gentamicin (Sigma-Aldrich, Taufkirchen, Germany).

For isolation of intraepithelial lymphocytes (IEL), duodenum and proximal jejunum were cut into 0.5 x 0.5 cm^2^ pieces under exclusion of PP and washed in ice-cold washing buffer (see above). The epithelium was separated from the lamina propria as described for PP. After the incubation process, the supernatant containing the epithelium was first filtered through a 100 μm cell strainer, and in a second step through a 70 μm cell strainer (SPL Life Sciences, Pocheon, South Korea). The mucus was removed by washing the cell pellet in a 25% Percoll solution (900 x g, 30 min, RT). Lymphocytes were separated from intestinal epithelial cells by 25%/47%/66% Percoll density gradient centrifugation (900 x g, 20 min, RT) and collected from the lymphocyte band. For both PP and IEL, erythrocytes were lysed and the cell number was determined as described above.

To confirm the appropriate separation of the epithelium from PP resp. the lamina propria, control samples before and after treatment were fixed in 4% formalin (Carl Roth, Karlsruhe, Germany) and embedded in paraffin (Leica, Heidelberg, Germany) followed by a hematoxylin-eosin stain (Merck, Darmstadt, Germany) and microscopical examination of 4 μm sections ([S1 Fig](#pone.0213597.s001){ref-type="supplementary-material"}).

Flow cytometric analysis {#sec007}
------------------------

To discriminate dead from viable cells, isolated cells from lymphatic and non-lymphatic organs were stained with fixable viability dye eFluor 780 (Thermo Fisher Scientific, Carlsbad, USA) according to the manufacturer's protocol. Prior to direct labeling with fluorochrome-conjugated antibodies, the cells were incubated with a mixture of heat-inactivated normal serum derived from dog, rat, and mouse (each 15% in PBS) to block unspecific binding of Fc receptors. In case of indirect labeling with a secondary goat anti-mouse antibody, Fc receptor blockade was performed with a mixture of heat-inactivated rat, dog and goat normal serum (each 15% in PBS). Primary antibodies used for flow cytometric staining are summarized in [Table 1](#pone.0213597.t001){ref-type="table"}. For definition of positive and negative populations during the analysis, fluorescence minus one (FMO) controls were included in the experiments. FMO controls contain all specific antibodies of the staining panel, except the one of interest which is replaced by its isotype control. The corresponding isotype control antibodies were purchased from Thermo Fisher Scientific (Carlsbad, USA) or Biolegend (San Diego, USA), respectively. The cells were incubated with primary antibodies for 15 min in the dark on ice. Canine CD1a, CD8β, TCRαβ, and TCRγδ were detected by the use of a PerCP/Cy5.5-conjugated goat-anti-mouse IgG secondary antibody (Biolegend, San Diego, USA). In case of exclusive surface staining, the cells were fixed with 2% paraformaldehyde (Sigma-Aldrich, Taufkirchen, Germany) for 15 min in the dark on ice prior to the analysis. For intracellular detection of granzyme B and FoxP3, the FoxP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Carlsbad, USA) was used according to the manufacturer's protocol. The cells were acquired with a BD LSR Fortessa flow cytometer (Becton Dickinson, Heidelberg, Germany) and viable CD5^+^ lymphocytes were analyzed using the FlowJo 10 software (Treestar Inc., Ashland, OR, USA) after doublet exclusion. See [supporting information](#sec016){ref-type="sec"} for gating strategy ([S2 Fig](#pone.0213597.s002){ref-type="supplementary-material"}).
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###### Primary antibodies used for flow cytometry.

![](pone.0213597.t001){#pone.0213597.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antigen      Clone                                                                                       Species Reactivity                                                                                            Isotype      Formats
  ------------ ------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- ------------ ------------------------
  CD5          YKIX322.3[^a^](#t001fn001){ref-type="table-fn"}                                             dog                                                                                                           Rat IgG2a    PE\
                                                                                                                                                                                                                                      PerCP-eFluor 710

  CD4          YKIX302.9[^a^](#t001fn001){ref-type="table-fn"}^,^ [^b^](#t001fn002){ref-type="table-fn"}   dog                                                                                                           Rat IgG2a    FITC, APC\
                                                                                                                                                                                                                                      Pacific Blue

  CD8α         YCATE55.9[^a^](#t001fn001){ref-type="table-fn"}^,^ [^b^](#t001fn002){ref-type="table-fn"}   dog                                                                                                           Rat IgG1     APC\
                                                                                                                                                                                                                                      Pacific Blue\
                                                                                                                                                                                                                                      Alexa Fluor 647

  CD1a         CA13.9H11[^c^](#t001fn003){ref-type="table-fn"}                                             dog                                                                                                           Mouse IgG1   Hybridoma supernatant

  CD8β         CA15.4G2[^c^](#t001fn003){ref-type="table-fn"}                                              dog                                                                                                           Mouse IgG1   Hybridoma supernatant\
                                                                                                                                                                                                                                      Biotin

  TCRγδ        CA20.8H1[^c^](#t001fn003){ref-type="table-fn"}                                              dog                                                                                                           Mouse IgG1   Hybridoma supernatant

  TCRαβ        CA15.8G7[^c^](#t001fn003){ref-type="table-fn"}                                              dog                                                                                                           Mouse IgG1   Hybridoma supernatant

  CD25         P4A10[^a^](#t001fn001){ref-type="table-fn"}                                                 dog                                                                                                           Mouse IgG1   PE

  FoxP3        FJK-16s[^a^](#t001fn001){ref-type="table-fn"}                                               mouse/rat\                                                                                                    Rat IgG2a    FITC
                                                                                                           published crossreactivity with dog \[[@pone.0213597.ref014],[@pone.0213597.ref026],[@pone.0213597.ref027]\]                

  Granzyme B   GB11[^d^](#t001fn004){ref-type="table-fn"}                                                  human/mouse\                                                                                                  Mouse IgG1   FITC
                                                                                                           published crossreactivity with dog \[[@pone.0213597.ref014]\]                                                              
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^ Thermo Fisher Scientific, Carlsbad, USA

^b^ Bio-Rad, Munich, Germany

^c^ Leukocyte Antigen Biology Laboratory, VM PMI, School of Veterinary Medicine, University of California, Davis, USA

^d^ Biolegend, San Diego, USA

Statistical analysis {#sec008}
--------------------

The evaluation of statistical significance was performed using Graph Pad Prism 5.01 software (San Diego, CA, USA). Kolmogorov-Smirnov test (with Dallal-Wilkinson-Lilliefor p value) was applied to test for normality. In case of normal distribution of all data sets mean values are presented within one graph. The unpaired Student's t-test (two-tailed) was used to compare two groups whereas differences between more than two groups were analyzed by One-way analysis of variance (ANOVA) with Bonferroni post hoc test. If graphs include nonparametric data, the median is depicted. Multiple comparisons were performed by use of the Kruskal-Wallis H test with Dunn's post test. If only two groups were included in the analysis, the Mann-Whitney U test (two-tailed) was used. The level of confidence for significance is depicted in figure legends.

Results {#sec009}
=======

Highest frequencies of mature CD4^+^CD8α^+^ double-positive T cells are present in Peyer's patches compared to other secondary lymphatic and non-lymphatic organs of healthy dogs {#sec010}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To gain an in depth understanding of canine CD4^+^CD8α^+^ double-positive (dp) T cells, a further characterization in other tissues than PBMC is required. Here we analyzed different lymphatic and non-lymphatic organs, i.e. tracheobronchial (tLN) and mesenteric (mLN) lymph nodes, spleen, Peyer's patches (PP), lung, and small intestinal intraepithelial lymphocytes (IEL) from a homogeneous cohort of healthy Beagle dogs. In all analyzed organs a fraction of CD4^+^CD8α^+^ dp T cells could be detected ([Fig 1A](#pone.0213597.g001){ref-type="fig"}). Our analysis revealed significant differences concerning the CD4^+^CD8α^+^ dp T cell frequencies depending on the organ, with highest frequencies in PP (1.6% on average) and lowest in tLN (0.2% on average) ([Fig 1B and 1C](#pone.0213597.g001){ref-type="fig"}). It is known that canine CD4^+^CD8α^+^ dp T cells of the peripheral blood form a heterogeneous cell population which can be divided into three different subsets, namely CD4^bright^CD8α^dim^, CD4^bright^CD8α^bright^, and CD4^dim^CD8α^bright^ \[[@pone.0213597.ref015]\]. In contrast to PBMC, the CD4^+^CD8α^+^ dp T cells of spleen, PP, IEL and lung constitute one homogeneous population which cannot be divided into different subsets. In tLN and mLN a more heterogeneous, but very small population of CD4^+^CD8α^+^ dp T cells lacking the CD4^bright^CD8α^bright^ subset is present ([Fig 1A](#pone.0213597.g001){ref-type="fig"}). Yet a subdivision into subsets would have restricted further analyses due to low cellular numbers. As expected, the CD4^+^CD8α^+^ dp fraction in the thymus serving as control is predominating ([Fig 1B](#pone.0213597.g001){ref-type="fig"}). These immature thymocytes, however, express the thymic marker CD1a, which distinguishes them from the CD1a^-^CD4^+^CD8α^+^ dp T cells in secondary lymphatic organs, lung and intestine ([Fig 1D](#pone.0213597.g001){ref-type="fig"}) and from previously reported peripheral blood CD1a^-^CD4^+^CD8α^+^ dp T cells \[[@pone.0213597.ref015]\]. Consequently, the extrathymic CD4^+^CD8α^+^ dp T cells exhibit a mature phenotype.

![Mature CD4^+^CD8α^+^ double-positive (dp) T cells are present in secondary lymphatic organs as well as in non-lymphatic tissues of healthy dogs with highest frequencies in Peyer's patches.\
(A) The frequency of canine CD4^+^ single-positive (sp), CD8α^+^ sp, and CD4^+^CD8α^+^ dp T cells in different organs was analyzed by flow cytometry. Shown are representative pseudocolor plots with numbers indicating percentages. Organs of 6-10 dogs in total have been analyzed in two independent experiments. Thymus was used as control (grey background). Only living non-doublet CD5^+^ T cells were included in the analysis. The gating strategy is shown in supporting [S2 Fig](#pone.0213597.s002){ref-type="supplementary-material"}. (B) Quantification of CD4^+^ sp (green hexagons), CD8α^+^ sp (blue diamonds), and CD4^+^CD8α^+^ dp (red triangles) T cells in canine tracheobronchial lymph nodes (tLN), mesenteric lymph nodes (mLN), spleen, Peyer's patches (PP), intraepithelial lymphocytes of the small intestine (IEL), and lung is depicted. Thymus served as control (grey background). Pooled data of two independent experiments are shown. Each dot represents one individual dog, the horizontal bars indicate mean values. For clarity reasons, a statistical analysis (One-way ANOVA with Bonferroni's Multiple Comparison Test, \* p \< 0.05, \*\*\* p \< 0.001, n. s.: not significant) is shown in (C). (D) Tissue-associated canine CD4^+^CD8α^+^ dp T cells are mature T cells lacking the thymic marker CD1a (red histograms). As control, thymus (grey histogram) was analyzed for CD1a expression with the appropriate fluorescence minus one (FMO) control (white histogram). Results of one representative dog are depicted. Organs of 4--10 dogs in total have been analyzed in two independent experiments.](pone.0213597.g001){#pone.0213597.g001}

CD4^+^CD8α^+^ double-positive T cells of secondary lymphatic and non-lymphatic organs differ from CD8α^+^ single-positive (sp) T cells and CD4^+^CD8α^+^ dp thymocytes in their CD8αα expression, and a high proportion is TCRαβ^+^ {#sec011}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CD8^+^ T cells express their CD8 surface receptor either as a CD8αβ heterodimer or as a CD8αα homodimer. CD8αβ promotes the activation of T cells with low-affinity TCR, whereas CD8αα increases the activation threshold \[[@pone.0213597.ref017],[@pone.0213597.ref028]\]. Therefore, we investigated the composition of the CD8 receptor of mature CD4^+^CD8α^+^ dp extrathymic T cells and compared it with their CD8**α**^+^ sp counterparts, and with immature CD4^+^CD8**α**^+^ dp thymocytes. In all analyzed organs, as expected, the majority of the CD8**α**^+^ sp subpopulation is CD8β^+^ indicating expression of the CD8αβ heterodimer ([Fig 2A and 2B](#pone.0213597.g002){ref-type="fig"}). As in blood, only a small fraction of CD8α^+^ sp T cells does not express CD8β, equivalent with a CD8αα phenotype. In the thymus, both the CD8α^+^ sp and the CD4^+^CD8α^+^ dp fraction are predominantly CD8αβ^+^. In marked contrast to this, the main CD8 receptor of the mature extrathymic CD4^+^CD8α^+^ dp T cells is the CD8αα homodimer, whereas the CD8αβ heterodimer only comprises a small proportion ([Fig 2A--2C](#pone.0213597.g002){ref-type="fig"}), underlining the distinct features of this T cell subpopulation.

![The majority of canine CD4^+^CD8α^+^ double-positive (dp) T cells in secondary lymphatic and non-lymphatic organs is characterized by expression of the CD8αα homodimer.\
(A) CD4^+^CD8α^+^ dp T cells were analyzed by flow cytometry for the expression of CD8αα and CD8αβ in comparison to CD8α^+^ single-positive (sp) T cells. The pseudocolor plots of Peyer's patches stand representative for all secondary lymphatic and non-lymphatic organs in this study. Thymocytes are shown for control. The numbers in the pseudocolor plots imply percentages. Organs of 4--10 dogs in total have been analyzed in two independent experiments. The CD8α^+^CD8β^-^ population indicates a CD8αα homodimer, the CD8α^+^CD8β^+^ population a CD8αβ heterodimer. (B) Proportions of CD8αα (dark blue dots) vs. CD8αβ (light blue dots) expression of CD8α^+^ sp (white background) and mature CD4^+^CD8α^+^ dp T cells (red background) in tracheobronchial lymph node (tLN), mesenteric lymph node (mLN), spleen, Peyer's patches (PP), intraepithelial lymphocytes of the small intestine (IEL), and lung with thymus as control were quantified. Pooled data of two independent experiments are shown. Each dot represents one individual dog, the horizontal bars indicate mean values. Differences in percentages of CD8αα^+^ cells among CD4^+^CD8α^+^ dp and CD8α^+^ sp T cells were analyzed by unpaired Student's t-test (two-tailed; \*\*\* p \< 0.001) and are summarized in (C).](pone.0213597.g002){#pone.0213597.g002}

As one subpopulation of unconventional CD8αα^+^ sp T cells of IEL from small intestine of dogs has been published to express the T cell receptor γδ (TCRγδ) \[[@pone.0213597.ref029]\], we were interested in the TCRγδ expression of CD4^+^CD8α^+^ dp extrathymic T cells in peripheral tissues. Despite their CD4^+^CD8αα^+^ phenotype, TCRγδ^+^ dp T cells are nearly absent in lung, spleen, mLN, PP, and thymus ([Fig 3A](#pone.0213597.g003){ref-type="fig"}). This result pointed to the expression of TCRαβ and was confirmed by direct TCRαβ staining of splenic CD4^+^CD8α^+^ dp T cells of the same dogs ([S3 Fig](#pone.0213597.s003){ref-type="supplementary-material"}). Due to limited cell number, tLN could not be included in TCRγδ analysis. Interestingly, although with a high inter-individual variation, only within IEL (median \~6%) and mLN (median \~1%) a proportion of CD4^+^CD8α^+^ dp T cells was found to be TCRγδ^+^ ([Fig 3A and 3B](#pone.0213597.g003){ref-type="fig"}). This is in contrast to CD8α^+^ sp T cells from which up to 5% express TCRγδ in all analyzed organs ([Fig 3B](#pone.0213597.g003){ref-type="fig"}).

![Canine CD4^+^CD8α^+^ double-positive (dp) T cells in secondary lymphatic and non-lymphatic organs are mainly TCRγδ-negative.\
(A) Shown are representative results of T cell receptor γδ (TCRγδ) expression in CD4^+^CD8α^+^ dp, CD4^+^ sp, and CD8α^+^ sp T cells among intraepithelial lymphocytes of the small intestine (IEL). The numbers in the flow cytometry plots indicate percentages. (B) Quantification of the frequency of TCRγδ^+^ cells among CD4^+^ sp (green hexagons), CD8α^+^ sp (blue diamonds), and CD4^+^CD8α^+^ dp (red triangles) T cells in mesenteric lymph node (mLN), spleen, Peyer's patches (PP), IEL, and lung is shown. Thymus is depicted for control. Pooled data of two independent experiments are shown. Each dot represents one individual dog, the horizontal bars indicate median values. Statistical analysis was performed by One-way ANOVA with Dunn's Multiple Comparison Test (\* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001).](pone.0213597.g003){#pone.0213597.g003}

A high proportion of tissue-associated mature CD4^+^CD8α^+^ dp T cells expresses the activation marker CD25 {#sec012}
-----------------------------------------------------------------------------------------------------------

CD4^+^CD8α^+^ dp thymocytes are known as an immature intermediate stage during T cell development. Accordingly, these cells lack expression of activation markers such as CD25 \[[@pone.0213597.ref030]--[@pone.0213597.ref032]\], which we could confirm in our study ([Fig 4A and 4B](#pone.0213597.g004){ref-type="fig"}). In contrast, mature CD4^+^CD8α^+^ dp T cells of secondary lymphatic and non-lymphatic tissues constitutively show high frequencies of CD25 expression ([Fig 4A--4C](#pone.0213597.g004){ref-type="fig"}), in line with our findings about CD4^+^CD8α^+^ dp T cells of the peripheral blood \[[@pone.0213597.ref014],[@pone.0213597.ref015]\] and corresponding to an activated phenotype. Compared to their single-positive counterparts, frequencies of CD25^+^ T cells among CD4^+^CD8α^+^ dp T cells were significantly higher in all analyzed secondary lymphatic organs (tLN, mLN, spleen, PP). Interestingly, despite the high abundance of CD25^+^ T cells within the CD4^+^CD8α^+^ dp subpopulation, the IEL of the small intestine revealed no significant difference between CD4^+^ or CD8α^+^ sp and CD4^+^CD8α^+^ dp T cells concerning their CD25 expression ([Fig 4B](#pone.0213597.g004){ref-type="fig"}).

![Canine CD4^+^CD8α^+^ double-positive (dp) T cells of secondary lymphatic and non-lymphatic organs constitutively express CD25 in contrast to CD4^+^CD8α^+^ dp thymocytes.\
(A) The expression of CD25 on CD4^+^ single-positive (sp), CD8α^+^ sp and CD4^+^CD8α^+^ dp T cells was analyzed by flow cytometry. Shown are representative data of Peyer's patches in comparison to thymus. The numbers in the pseudocolor plots indicate percentages. Two independent experiments have been performed including organs of 4--10 dogs in total. (B + C) Pooled data of CD25 expression on CD4^+^ sp (green hexagons), CD8α^+^ sp (blue diamonds), and CD4^+^CD8α^+^ dp (red triangles) T cells in indicated organs are depicted. (B) The graphs include normally distributed data values, each symbol represents one individual dog. The horizontal bars indicate mean values. Statistical analysis was performed by One-way ANOVA with Bonferroni's Multiple Comparison Test (\*\* p \< 0.01, \*\*\* p \< 0.001). (C) The graphs show non-normally distributed data values, each symbol represents one individual dog. The horizontal bars indicate median values. Statistical analysis was performed by One-way ANOVA with Dunn's Multiple Comparison Test (\* p \< 0.05, \*\*\* p \< 0.001).](pone.0213597.g004){#pone.0213597.g004}

CD4^+^CD8α^+^ dp T cells in lymph nodes contain FoxP3^+^ regulatory T cells {#sec013}
---------------------------------------------------------------------------

Given the high frequencies of CD25 in dp T cells, we analyzed the transcription factor forkhead box P3 (FoxP3) which is specific for regulatory T cells (Treg) \[[@pone.0213597.ref033]\]. As expected, immature CD4^+^CD8α^+^ dp thymocytes are FoxP3^-^ ([Fig 5A and 5C](#pone.0213597.g005){ref-type="fig"}). FoxP3 expression of mature CD4^+^CD8α^+^ dp T cells of secondary lymphatic and non-lymphatic organs is heterogeneous. In all analyzed organs except lymph nodes, only low proportions of CD4^+^CD8α^+^FoxP3^+^ dp T cells (≤ 3%) were detected. In lymph nodes, however, percentages reach \~10% in mLN and \~20% in tLN. Furthermore, these percentages are even significantly higher than are those of mLN and tLN CD4^+^FoxP3^+^ sp T cells ([Fig 5C](#pone.0213597.g005){ref-type="fig"}). Although the CD4^+^CD8α^+^ dp T cell subpopulation in lymph nodes is rather small ([Fig 1](#pone.0213597.g001){ref-type="fig"}), the distribution of fluorescence (i.e. mean fluorescence intensity, MFI) of the FoxP3^+^ events is comparable to the positive control (i. e. CD4^+^ sp T cells), indicating a valid signal \[[@pone.0213597.ref034]\]. Furthermore, the intracellular expression of FoxP3 in lymph nodes correlates with the degree of surface expression of CD25 on CD4^+^CD8α^+^ dp T cells ([S4 Fig](#pone.0213597.s004){ref-type="supplementary-material"}). Taken together, these results point to a regulatory potential of CD4^+^CD8α^+^ dp T cells in lymph nodes.

![A proportion of lymph node CD4^+^CD8α^+^ double-positive (dp) T cells comprises FoxP3^+^ regulatory T cells.\
(A) Representative results of FoxP3 expression in CD4^+^CD8α^+^ dp T cells of secondary lymphatic and non-lymphatic organs, and of CD4^+^CD8α^+^ dp thymocytes are shown. Two independent experiments with n = 4--10 dogs in total were performed. The numbers in the flow cytometry plots indicate percentages. Appropriate gating was confirmed by internal negative (CD8α^+^ single-positive (sp) T cells) and positive (CD4^+^ sp T cells) controls (B). Presented is the FoxP3 expression of CD4^+^ sp and CD8α^+^ sp T cells in canine lung being representative for all analyzed organs. (C) Proportions of FoxP3 expression of CD4^+^ sp (green hexagons) and CD4^+^CD8α^+^ dp (red triangles) T cells were analyzed in indicated organs (tLN: tracheobronchial lymph node, mLN: mesenteric lymph node, PP: Peyer's patches, IEL: intraepithelial lymphocytes of the small intestine). Each symbol represents one individual dog, the horizontal bars indicate median values. The Mann-Whitney U test was performed to check for statistical significance between CD4^+^ sp and CD4^+^CD8α^+^ dp T cells (two-tailed; \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001).](pone.0213597.g005){#pone.0213597.g005}

IEL CD4^+^CD8α^+^ dp T cells express the cytotoxicity marker granzyme B {#sec014}
-----------------------------------------------------------------------

Finally, we investigated whether CD4^+^CD8α^+^ dp T cells of lymphatic and non-lymphatic tissues show features of cytotoxic T cells by analyzing their intracellular granzyme B expression. As most IEL are known to exhibit constitutive cytolytic capacity in human and mice \[[@pone.0213597.ref028],[@pone.0213597.ref035]\], we focused on the intestinal environment. While granzyme B expression in CD4^+^CD8α^+^ dp T cells of gut-associated lymphoid tissue (GALT) is absent (mLN 0%) resp. low (PP 1.6% on average), a considerable proportion (15% on average) of IEL CD4^+^CD8α^+^ dp T cells is granzyme B^+^ ([Fig 6](#pone.0213597.g006){ref-type="fig"}). In accordance with literature \[[@pone.0213597.ref036],[@pone.0213597.ref037]\], some CD4^+^ sp T cells expressing granzyme B are also present in the small intestinal epithelium. As expected, a high proportion of CD8α^+^ sp T cells expresses granzyme B within IEL. Furthermore, granzyme B^+^ CD8α^+^ sp T cells are present in PP but not in mLN.

![CD4^+^CD8α^+^ double-positive (dp) T cells of the small intestinal epithelium express the cytotoxic molecule granzyme B.\
(A) Representative results of granzyme B expression in CD4^+^CD8α^+^ dp T cells of small intestinal intraepithelial lymphocytes (IEL) are shown in comparison to CD4^+^ single-positive (sp) and CD8α^+^ sp T cells. The numbers in the flow cytometry plots indicate percentages. (B) Quantification of the frequency of granzyme B^+^ cells among CD4^+^ sp (green hexagons), CD8α^+^ sp (blue diamonds), and CD4^+^CD8α^+^ dp (red triangles) T cells in mesenteric lymph node (mLN), Peyer's patches (PP) and IEL is depicted. Each symbol represents one individual dog, the horizontal bars indicate mean values. Statistical analysis was performed by One-way analysis of variance (ANOVA) with Bonferroni post hoc test (\*\*\* p \< 0.001).](pone.0213597.g006){#pone.0213597.g006}

Discussion {#sec015}
==========

Canine CD4^+^CD8α^+^ double-positive (dp) T cells of peripheral blood are a heterogeneous effector memory T cell subpopulation suggesting an important role in immune response by their constitutively high activation \[[@pone.0213597.ref014],[@pone.0213597.ref015]\]. Here we provide the first systematic characterization of CD4^+^CD8α^+^ dp T cells in different tissues within one homogeneous group of healthy Beagle dogs. This reveals insight into potential induction and/or effector sites of this unique T cell subpopulation and is a prerequisite for subsequent functional analyses. Our comprehensive study shows that highest frequencies of CD4^+^CD8α^+^ dp T cells are present in Peyer's patches (PP) compared to tracheobronchial and mesenteric lymph nodes (LN), spleen, intraepithelial lymphocytes of the small intestine (IEL), and lung. Former reports about canine CD4^+^CD8α^+^ dp T cells in LN \[[@pone.0213597.ref024],[@pone.0213597.ref038]\], bone marrow \[[@pone.0213597.ref024]\], spleen \[[@pone.0213597.ref023]\], and IEL \[[@pone.0213597.ref039]\] are limited by either a low number \[[@pone.0213597.ref023]\] or by heterogeneity in breed, age, and/or health status of dogs \[[@pone.0213597.ref024],[@pone.0213597.ref038],[@pone.0213597.ref039]\]. Moreover, a detailed characterization of these cells was still missing. We could demonstrate that the majority of CD4^+^CD8α^+^ dp T cells in dogs is TCRαβ^+^, and, interestingly, up to 96% on average (IEL, PP) express the unconventional CD8αα homodimer. CD8αα was formerly thought to be a functional homolog of the MHC class I binding TCR co-receptor CD8αβ \[[@pone.0213597.ref040]\]. However, the CD8β chain has been identified as key molecule for CD8-dependent TCR function \[[@pone.0213597.ref041]\]. Transient co-expression of CD8αα on CD8αβ^+^ T cells, in contrast, results in decrease of TCR signal transduction inducing a higher activation threshold proportional to the expression level of CD8αα. Nevertheless, increased antigen stimulation can overcome the CD8αα repressor function \[[@pone.0213597.ref017],[@pone.0213597.ref042]\]. CD4^+^CD8α^+^ dp T cells are characterized by high frequencies of CD25 expression, the IL-2 receptor α-chain (IL-2Rα) which constitutes the high-affinity IL-2 receptor in combination with IL-2Rβ and IL-2Rγ. The high-affinity IL-2 receptor enables rapid and effective proliferation of T cells \[[@pone.0213597.ref043]\]. As CD8αα has been shown to repress T cell activation \[[@pone.0213597.ref017],[@pone.0213597.ref042]\], it might thus contribute to adequate induction of CD4^+^CD8α^+^ dp T cell effector functions only upon high antigenic stimulation and thereby prevent excessive immune responses. However, the function of CD8αα on CD4^+^ single-positive (sp) T cells has not yet been clarified and needs further investigation.

As demonstrated in previous *in vitro* studies, based on oligoclonal resp. polyclonal stimulation, canine PBMC CD4^+^CD8α^+^ dp T cells can develop from both, CD8α^+^ and CD4^+^ sp T cells, the latter being the more potent progenitors. CD4^+^CD8α^+^ dp T cells emerging from CD4^+^ sp T cells express CD8αα, whereas CD4^+^CD8α^+^ dp T cells developing from CD8α^+^ sp T cells express CD8αα or CD8αβ \[[@pone.0213597.ref016]\]. Thus, the predominance of the CD8αα homodimer might be related to the main origin from CD4^+^ sp T cells. In dogs, mice and humans the CD8αα isoform is constitutively expressed by TCRαβ^+^ and TCRγδ^+^CD8^+^ sp IEL \[[@pone.0213597.ref028],[@pone.0213597.ref029],[@pone.0213597.ref035],[@pone.0213597.ref044],[@pone.0213597.ref045]\] In addition, CD8αα can be upregulated on murine TCRαβ^+^CD4^+^ IEL *in vivo* \[[@pone.0213597.ref046],[@pone.0213597.ref047]\], and *in vitro* in the presence of TGF-β and retinoic acid (RA) \[[@pone.0213597.ref036],[@pone.0213597.ref048]\]. Furthermore, RA is produced by dendritic cells of the gut-associated lymphoid tissue (GALT), including PP \[[@pone.0213597.ref049],[@pone.0213597.ref050]\]. This, in combination with high antigenic exposure in the gut, might lead to the induction of more CD4^+^CD8αα^+^ dp T cells in PP and in the intestinal epithelium than in LN, where RA is also present \[[@pone.0213597.ref051]\], but the antigenic load and diversity are less abundant. A possible association with antigenic stimulation was also hypothesized for porcine dp T cells \[[@pone.0213597.ref002]\] that account for a larger proportion of total CD4^+^ lymphocytes in mucosa-associated lymphoid tissues as compared to lymph nodes \[[@pone.0213597.ref003],[@pone.0213597.ref052]\]. In mice, many CD4^+^ IEL co-express CD8α \[[@pone.0213597.ref048],[@pone.0213597.ref053]\], whereas CD4^+^CD8α dp T cells are rare in secondary lymphatic organs \[[@pone.0213597.ref001],[@pone.0213597.ref008],[@pone.0213597.ref053],[@pone.0213597.ref054]\]. In humans, a significant percentage of CD4^+^CD8α^+^ dp T cells has been described in the lamina propria of the gut \[[@pone.0213597.ref055]\]. Overall, this tissue distribution is related to an immunoregulatory and/or immunosurveillance function of CD4^+^CD8α^+^ dp T cells as suggested previously \[[@pone.0213597.ref002]\].

Interestingly, we found evidence that the expression pattern of functional markers on canine CD4^+^CD8α^+^ dp T cells is tissue-dependent, indicating heterogeneous functional potential. We show that CD4^+^CD8α^+^ dp T cells of spleen, PP, IEL, and lung are mainly FoxP3^-^. However, this transcription factor specific for regulatory T cells reaches significant proportions within LN. In contrast, comparable numbers of FoxP3^+^CD4^+^CD8α^+^ dp T cells with regulatory potential are present in mLN, spleen, and thymus of pigs \[[@pone.0213597.ref056]\]. According to van Kaer *et al*., murine CD4^+^CD8α^+^ T cells induced *in vitro* only transiently express FoxP3 \[[@pone.0213597.ref057]\]. In support of this, Sujino *et al*. could demonstrate *in vivo* that murine regulatory T cells of the intestinal *lamina propria* lose FoxP3 expression upon migration into the intestinal epithelium where they become FoxP3^-^ regulatory CD4^+^CD8αα^+^ IEL \[[@pone.0213597.ref058]\]. Furthermore, human CD4^+^CD8αα^+^ dp T cells of the colonic lamina propria have been shown to represent a regulatory T cell subset despite the lack of FoxP3 expression \[[@pone.0213597.ref020]\]. This leads us to the hypothesis that, in addition to FoxP3^+^CD4^+^CD8α^+^ dp T cells in canine LN, FoxP3^-^CD4^+^CD8α^+^ dp T cells might possess regulatory properties. However, further experiments are necessary to verify this hypothesis. In addition to regulatory CD4^+^CD8α^+^ dp IEL \[[@pone.0213597.ref058]\], murine CD4^+^CD8α^+^ dp IEL with cytolytic activity \[[@pone.0213597.ref036]\] have been described indicating the presence of different functional subsets. Since we found evidence by granzyme B staining that canine IEL CD4^+^CD8α^+^ dp T cells also partly exhibit cytotoxic potential, the spectrum of effector functions of these cells should be subject of further research.

Taken together, this study provides a comprehensive characterization of CD4^+^CD8α^+^ dp T cells in lymphatic and non-lymphatic organs of a homogeneous cohort of healthy Beagle dogs. We define these tissue-associated CD4^+^CD8α^+^ dp T cells as an activated, but possibly self-regulating (by CD8αα expression) T cell subpopulation with heterogeneous functional (i.e. regulatory or cytotoxic) potential depending on its localization. This lays the foundation for future work on the role of CD4^+^CD8α^+^ dp T cells in various organ-specific diseases of dogs.

Supporting information {#sec016}
======================

###### The separation of the epithelium from Peyer's patches and small intestinal villi was confirmed by hematoxylin and eosin (H&E) staining before and after treatment with DTE/EDTA.

Representative H&E-stained sections of Peyer's patches (A) and small intestine (B) before DTE/EDTA treatment are shown. Normal villous architecture with intact epithelium is visible. After DTE/EDTA treatment, the epithelial layer is removed from Peyer's patches (C), and from the villi (D), respectively. For the latter this is displayed at higher magnifications in the insets (compare B + D).

(TIF)

###### 

Click here for additional data file.

###### General gating strategy used in flow cytometric analyses.

Representative pseudocolor plots of Peyer's patches are depicted to show the general gating strategy. After exclusion of dead cells (A), gating on lymphocytes was performed according to their forward and side scattering (FSC/SSC) properties (B). Following doublet-exclusion (C), only CD5^+^ T cells were included into subsequent analyses (D).

(TIF)

###### 

Click here for additional data file.

###### The absence of TCRγδ corresponds with the presence of TCRαβ on CD4^+^CD8α^+^ double-positive (dp) T cells.

\(A\) The expression of TCRαβ and TCRγδ on splenic CD4^+^CD8α^+^ dp T cells was analyzed by flow cytometry. Shown are pseudocolor plots of one representative dog. (B) Proportions of TCRγδ (grey dots) vs. TCRαβ (black dots) expression of mature splenic CD4^+^CD8α^+^ dp T cells were quantified. Each dot represents one individual dog, the horizontal bars indicate mean values.

(TIF)

###### 

Click here for additional data file.

###### In lymph nodes, FoxP3^+^CD4^+^CD8α^+^ double-positive (dp) T cells are mainly CD25^high^.

\(A\) Mesenteric lymph node CD4^+^CD8α^+^ dp T cells were analyzed for CD25 and FoxP3 expression. Representative plots show the distribution of FoxP3^+^ cells in CD25^neg^, CD25^dim^ and CD25^high^ subpopulations. The frequency (B) and mean fluorescence intensity (MFI) (C) of FoxP3 expression in CD25^neg^, CD25^dim^, and CD25^high^ CD4^+^CD8α^+^ dp T cells in lymph nodes was quantified. Each symbol represents one individual dog, the horizontal bars indicate median values. Statistical analysis was performed by One-way ANOVA with Dunn's Multiple Comparison Test (\*\* p \< 0.01).

(TIF)

###### 

Click here for additional data file.
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